The active site of heme catalases is buried deep inside a structurally highly conserved homotetramer. Channels leading to the active site have been identified as potential routes for substrate flow and product release, although evidence in support of this model is limited. To investigate further the role of protein structure and molecular channels in catalysis, the crystal structures of four active site variants of catalase HPII from Escherichia coli (His128Ala, His128Asn, Asn201Ala, and Asn201His) have been determined at ϳ2.0-Å resolution. The solvent organization shows major rearrangements with respect to native HPII, not only in the vicinity of the replaced residues but also in the main molecular channel leading to the heme distal pocket. In the two inactive His128 variants, continuous chains of hydrogen bonded water molecules extend from the molecular surface to the heme distal pocket filling the main channel. The differences in continuity of solvent molecules between the native and variant structures illustrate how sensitive the solvent matrix is to subtle changes in structure. It is hypothesized that the slightly larger H 2 O 2 passing through the channel of the native enzyme will promote the formation of a continuous chain of solvent and peroxide. The structure of the His128Asn variant complexed with hydrogen peroxide has also been determined at 2.3-Å resolution, revealing the existence of hydrogen peroxide binding sites both in the heme distal pocket and in the main channel. Unexpectedly, the largest changes in protein structure resulting from peroxide binding are clustered on the heme proximal side and mainly involve residues in only two subunits, leading to a departure from the 222-point group symmetry of the native enzyme. An active role for channels in the selective flow of substrates through the catalase molecule is proposed as an integral feature of the catalytic mechanism. The Asn201His variant of HPII was found to contain unoxidized heme b in combination with the proximal side His-Tyr bond suggesting that the mechanistic pathways of the two reactions can be uncoupled. Proteins 2001;44:270 -281.
INTRODUCTION
Catalase (hydrogen peroxide:hydrogen peroxide oxidoreductase, EC 1.11.1.6), present in most aerobic organisms, is a protective enzyme that removes hydrogen peroxide before it can decompose into highly reactive hydroxyl radicals. The characteristic catalase activity-the catalytic reaction-uses hydrogen peroxide as both an electron donor and an electron acceptor, as summarized in the overall reaction 1:
This reaction takes place in two distinct stages: in the first stage (reaction 2) the resting state enzyme is oxidized by hydrogen peroxide to an intermediate, compound I, which in the second stage (reaction 3) is reduced back to the resting state by a second hydrogen peroxide: Enz ͑Por-Fe
The structures of heme catalase isolated from seven different sources have now been solved, including those from bovine liver, 1,2 human erythrocytes, 3, 4 Penicillium vitale, 5, 6 Saccharomyces cerevisiae, 7 Proteus mirabilis, 8 Micrococcus lysodeikticus, 9 and Escherichia coli, common, highly conserved, core structure in all enzymes. The heme active center in catalase HPII from E. coli shares with all other catalases the structural features that are important for catalysis, in particular the presence and relative orientation of a histidine (His128) and an asparagine (Asn201) on the distal side of the heme and a tyrosine (Tyr415) on the proximal side (Fig. 1A) . However, HPII is unique among catalases in having two posttranslational modifications in the vicinity of the active center, which are self-catalyzed after the adoption of the final quaternary structure. One of the modifications, also found in some other large subunit catalases, 12 is an oxidized heme group, in the form of a cis-spirolactone, termed heme d. The second modification, so far unique to HPII, is a covalent bond between the N ␦ of His392 and the C ␤ of Tyr415, the proximal side fifth ligand of the heme. 13 Both modifications seem to require some degree of catalytic activity, and it has been proposed, based on the properties of a number of HPII variants 11 , that compound I acts as an initiator of these modifications with a possible mechanistic relationship between the two reactions.
A number of catalase HPII variants have been constructed that incorporate changes into the catalytic residues, His128 and Asn201, on the distal side of the heme. Replacement of His128 with any one of a number of residues results in variants with no detectable activity or in variants that are defective in folding, such that no protein accumulates.
14 Replacement of Asn201 with aspartate, glutamine, alanine, or histidine causes a reduction in specific activity to less than 10% of wild-type levels, but in no case does activity become nondetectable. 14 On the basis of these data, it was concluded that His128 is essential for the enzymatic activity, while Asn201 facilitates catalysis, but is not essential.
Despite all the structural and biochemical information about catalases that has accumulated over 100 years, a number of basic questions remain unanswered, among them: (1) how efficient substrate flow toward the deeply buried active centers is achieved; and (2) the basis of the specificity for hydrogen peroxide. To address these issues, a structural determination of variants of the active site residues His128 and Asn201 was undertaken. The complete absence of activity in the His128 variants also allowed the isolation and structural analysis of complexes between the protein and hydrogen peroxide. Data obtained provide significant insights into the roles of molecular channels and protein structure in the mechanism of catalysis.
METHODS
The four HPII variant proteins analyzed in this work were purified from the catalase deficient E. coli UM255 as previously described.
14 Crystals were obtained at room temperature by the vapor diffusion hanging drop method at a protein concentration of ϳ15 mg/ml over a reservoir containing 15-17% PEG 3350, 1.6 -1.5 M LiCl and 0.1 M Tris-HCl, pH 9 as previously described for native HPII.
11
Crystals were monoclinic space group P2 1 with one tetrameric molecule in the crystal asymmetric unit. Diffraction data for the His128Ala, His128Asn, and Asn201Ala variants were obtained from crystals transferred to a solution containing 30% PEG 3350 and flash-cooled with a nitrogen cryo-stream, yielding the following unit cell parameters: a ϭ 93.0 Å, b ϭ 132.3 Å, c ϭ 121.2 Å and ␤ ϭ 109.3°. Data collection for the isomorphic crystals of the Asn201His variant was carried out at room temperature, yielding the following unit cell parameters: a ϭ 95.2 Å, b ϭ 134.7 Å, c ϭ 124.4 Å and ␤ ϭ 109.4°. The four diffraction data sets were processed using the program DENZO and scaled with program SCALEPACK. 15 In this study, 5% of the measured reflections in every data set was reserved for R free monitoring during automatic refinement (Table I) .
Refinement of the four variants was carried out with the program XPLOR using standard protocols. 16 For each variant, the starting model was the HPII structure refined to 1.9 Å. 13 Coordinates were readjusted to the corresponding unit cells using the option balloon of XPLOR, and the position of the molecule was then refined with some cycles of rigid body refinement. Altered residues and neighbor solvent molecules were always omitted in the starting models. Refinements were completed using the program REFMAC 17 with solvent molecules modeled either automatically using ARPP 18 or manually with the graphic program O. 19 Solvent molecules were only introduced when they corresponded to the strongest peaks in the difference Fourier maps that could make at least one hydrogen bond with atoms already in the model. In the final rounds of refinement, the four subunits were treated independently with the bulk solvent correction applied and the whole resolution range available used for each variant. To ensure the consistency of the differences found in the HPII variant structures, the native HPII was also re-refined using the same procedures (Table I ). In the five structures obtained, the analysis of solvent accessibility and molecular cavities was carried out with program VOIDOO 20 using a reduced atomic radius for polar atoms in accounting for possible hydrogen bonds. 21 Structure factors and coordinates are accessible from PDB with identification codes 1GGE, 1GG9, 1GGF, 1GGH, 1GGJ, and 1GGK, respectively, for native HPII, His128Asn, His128Asn-H 2 O 2 , His128Ala, Asn201Ala, and Asn201His variants.
RESULTS

Quality of the Variant HPII Structures
Like the structure of native HPII, 12,13 the crystal asymmetric units of the four HPII variants analyzed in this study (His128Ala, His128Asn, Asn201Ala, and Asn201His) contain homotetramers with 3,012 amino acids. The Nterminal 26 residues of all subunits in the four variants remain disordered, as in the native enzyme, and are not included in the refined structures. Crystallographic agreement R and R free factors and relevant refinement statistics for the structures of the four variants are similar to the ones obtained for the native enzyme, particularly for the His128Asn and the Asn201Ala variants determined at about the same resolution as native HPII (Table I ). The quality and resolution of the diffraction data are slightly STRUCTURES OF CATALASE HPII VARIANTS lower for the Asn201His variant structure, probably a result of data collection at room temperature. The quality and resolution of the His128Asn crystals soaked in H 2 O 2 permitted accurate determination of differences in the protein structure and in the solvent organization caused by the soaking.
Structural Differences of the HPII Variants With Respect to the Native Enzyme
The absence of the imidazole group of His128, the distal side essential histidine of HPII, precludes the formation of compound I and results in all variants of His128 lacking catalytic activity.
14 The His128Ala variant is no exception, with no activity over background levels being detectable even at very high protein concentrations (Table II) . The structure of this variant reveals the expected methyl group of Ala128 above ring IV of the heme b (note the propionate side-chain in Fig. 1B , as compared with the spirolactone ring in the heme d of the native enzyme in Fig. 1A ) in place of the imidazole ring of histidine in native HPII. Despite the increased accessibility to the iron atom in the variant resulting from the small size of the alanine residue, the closest solvent molecule is ϳ4.0 Å from the heme iron, even farther away than in the native enzyme, indicative of the very weak binding of water in the sixth coordination position. The presence of heme b, rather than heme d, and the absence of the His392-Tyr415 covalent linkage are consistent with the total absence of catalytic activity in this variant.
14 The propionate group from ring III of the unmodified heme b is hydrogen bonded with the nearby Gln419 residue, which also interacts with an adjacent water molecule. An identical rearrangement had already been found in other HPII variants that contain heme b. 10 The imidazole group of His392, not covalently linked to Tyr415, is rotated with respect to the orientation seen in the native enzyme (Fig. 1A,B) . Other than the changes just described and the extensively altered solvent organization described below, the His128Ala variant protein is essentially identical in structure to native HPII, particularly in the heme distal side pocket.
The His128Asn variant also lacks all detectable catalytic activity, attributable to the absence of the essential imidazole ring (Table II) . Aside from the obvious presence of the asparagine side-chain interacting with the main- chain oxygen of residue 168, the protein structure of the His128Asn variant is very similar to that of the His128Ala variant including the absence of the His392-Tyr415 covalent bond and the presence of heme b, with all the concomitant readjustments described above for the His128Ala structure.
The Asn201Ala variant exhibits about 10% of native HPII catalytic activity (Table II) , indicating that residue Asn201 has a major, but not completely essential, role in catalysis. On the distal side of the heme, the most obvious change in the protein structure of the variant is the expected absence of the amide group of the asparagine side-chain. The heme is oxidized to heme d, consistent with the previously reported biochemical characterization of heme d in this variant, 14 and the His392-Tyr415 bond is also evident, making the structure in this region very similar to that of native HPII (Fig. 1A) . The fact that both heme oxidation and His-Tyr bond formation occur despite the reduced catalytic activity, confirms that even a slow generation of compound I is sufficient to promote both reactions. The Asn201His variant exhibits less than 1% of native HPII catalytic activity (Table II) . This reduction can be explained by a combination of the absence of the catalytic asparagine and by the reduction of the distal pocket volume due to the presence of the bulkier imidazole group in the variant. The N ⑀ atoms of the two imidazole groups found in the heme distal side of the Asn201His variant (His128 and His201) are hydrogen bonded to each other with N ⑀ from His128 acting as the hydrogen acceptor (Fig.  1C) . As a result, atom N ␦ from His201 is deprotonated explaining the absence of a hydrogen bond with water molecule W3*. In native HPII, the corresponding water molecule (W3 in Fig. 1A ) stabilizes the appropriate orientation of the Asn201 side-chain for it to act as a hydrogen acceptor. The Asn201His variant was characterized biochemically as containing only heme b, 14 as confirmed in the current structural analysis. Surprisingly, the structure shows clear evidence for the presence of the His-Tyr bond (Fig. 1C) , providing the first evidence that the two self-catalyzed posttranslational modifications can be uncoupled in HPII.
Solvent Reorganization in the HPII Variants With Respect to the Native Enzyme
In addition to the structural differences compared with native HPII described above, the four active site variants reveal striking reorganizations of the solvent both near the replaced residues and in the main channel leading to the heme distal pocket (Figs. 1-3) . Three of the variants, His128Asn, His128Ala, and Asn201Ala, all have a larger number of water molecules in these regions than the native enzyme, while the Asn201His variant, with a bulkier residue introduced, contains fewer.
More significant than changes in the number of waters are changes in the distribution of the waters in the variants as compared with native HPII. In most catalases, including HPII, there are two water molecules (indicated as W1 and W2 in Fig. 1A ) hydrogen bonded to each other, that bridge the essential histidine and asparagine residues in the heme distal side pocket. W1, which acts as a hydrogen donor in its interaction with atom N ⑀ from His128, is the solvent molecule closest to the heme iron atom (at a distance of ϳ2.5 Å) and in native HPII presents either a low occupancy or a high mobility. 13 The second water, W2, with full occupancy or low mobility, is bound to N ␦ from Asn201. Three additional solvent molecules (W3, W4, and W5 in Fig. 1A) , situated in close proximity to the heme, are also well conserved among catalases. Proceeding up the main channel away from the distal side heme pocket, the first well defined solvent molecule in the main channel (W6 in Fig. 1A ) is approximately 7 Å from W2, and is hydrogen bonded to an aspartate residue (Asp181 in HPII) conserved in all catalase sequences. The absence of any other well defined solvent molecules in the lower part of the main channel leaves a large gap between W2 and W6, which is apparently empty (Fig. 1A) . From W6, a chain of hydrogen bonded solvent molecules extends up the channel to the molecular surface.
In the His128Ala variant (Figs. 1B, 2) , replacement of the imidazole ring with the much smaller methyl sidechain of alanine increases the size of the active site cavity, but also removes a side-chain capable of forming hydrogen bonds. It is therefore somewhat surprising to find that the number of water molecules in this region increases substantially to seven from two in native HPII. The five water molecules in the variant, without equivalent in the native structure, are indicated as WA to WE in Figure 1B . The appearance of waters WA and WB in the narrowest and most hydrophobic part of the channel provides continuity to the chain of solvent molecules extending from the heme distal pocket to the molecular surface. The displacement of W2*, with respect to the position of the corresponding water W2 in the native enzyme, reduces the distance between W2* and W6, allowing water WB to interact with the two.
The pattern of water molecules in the His128Asn variant is very similar to that just described for the His128Ala variant, with the exception that water WE is missing, displaced by the larger asparagine side-chain at position 128 (Fig. 3A) . The presence of two asparagines (Asn128 and Asn201) stabilizes the water molecules, filling the distal side pocket and becoming part of a continuous chain of waters extending to the molecular surface (Fig. 3A) . Waters WA and WB in the His128Asn variant are in almost identical locations to the corresponding waters found in the His128Ala variant. Again the reduced distance between W2* and W6 is bridged by the single water WB.
The replacement of asparagine by histidine in the Asn201His variant creates yet another striking organization of solvent molecules (Fig. 1C) . In the heme distal side pocket, there is only one defined water molecule, at about the same position as W1 in the native enzyme, likely a result of the reduction in pocket volume arising from the larger size of the imidazole side-chain. Even more surprising is the altered solvent structure around the Asp181 residue, remote from His201, which clearly demonstrates the subtle interdependencies among the solvent binding sites.
The Asn201Ala variant has a poorly defined solvent structure in the vicinity of the heme. There are several water molecules with large mobility or partial occupancies, probably due to the increased cavity size and absence of a side-chain capable of forming hydrogen bonds. Significantly, W3* in this variant is in an almost identical position to W3 in the native enzyme, despite the lack of interactions with the replaced residue Ala201. The stability of W3 provides further support for its critical role in defining the orientation of the side-chain of Asn201 in the native enzyme (see above). Despite the increased cavity volume, the absence of a stable W2* seems to prevent a water from occupying position WB. These data confirm that minor changes in the heme distal side pocket can alternatively stabilize or destroy the continuity of solvent molecules in the hydrophobic part of the channel. 
His128Asn HPII Variant in Complex With H 2 O 2
It has not yet been possible to trap hydrogen peroxide inside the structure of active catalases because of the rapid reaction and evolution of O 2 causing serious crystal damage upon soaking in hydrogen peroxide solutions. However, using inactive catalase variants could circumvent this problem. Diffraction data from flash cooled crystals of the inactive His128Asn variant, previously soaked for a few seconds in a 2M hydrogen peroxide solution, were obtained at 2.3-Å resolution. Preliminary analysis of these crystals, using (F o complexed Ϫ F o uncomplexed ) difference Fourier maps, indicated the presence of several significant structural changes with respect to the structure of the uncomplexed variant (Figs. 3, 4) . Therefore, the structure of the complex was refined, following the same protocols as those described above, and using as a starting model the uncomplexed His128Asn variant structure with all the solvent molecules in the distal pocket and in the main channel removed (Table I) . A diversity of (2F o Ϫ F c ) and (F o Ϫ F c ) maps, both unaveraged or fourfold averaged using noncrystallographic symmetry, were obtained. To compute these maps, the solvent molecules to be analyzed were either omitted or included as water or hydrogen peroxide. All these data provided a consistent support for the presence of three hydrogen peroxide molecules in virtually the same locations in all four crystallographically independent subunits (Table III) . Two hydrogen peroxide molecules, H1 and H2, are located immediately above the heme interacting with Asn128 and Asn201, and the third peroxide, H3, is located in the main channel interacting with Ser234 and Glu539 (Fig. 3B) . The B values of these 12 peroxide molecules are all small in comparison to the mean solvent B factor (Table III) , and they provide a clean explanation for the electron density observed both in the heme distal pocket and further up the main channel. From the location of H3, there is a direct connection between the main channels of the two subunits related by the molecular R-axis. 22 Unexpectedly, the greatest structural changes in the protein were found remote from these three peroxide molecules on the heme proximal side, clustered around the central cavity in the tetramer (Fig. 4) . These changes involve, in particular, residues Arg111, Phe413, Thr416, and Asp417, in the vicinity of Tyr415, the iron proximal ligand. Even more unexpected, was the observation that the changes occur in only two subunits (related by the Q-axis) causing a deviation from the tetrameric symmetry of the native enzyme; in effect; the complex becomes a dimer of structurally nonidentical dimers. Residues Ile129, Met448, Cys438, and Pro439, in the vicinity of the central cavity, also change position, but without affecting symmetry. Solvent molecules in the vicinity of all the displaced residues experience important rearrangements, and a fourth hydrogen peroxide molecule might be situated close to Ile129, although it is not included in the present model. The presence of the fourth peroxide suggests a possible path leading from the proximal side of the heme groups to the center of the tetramer, a path required by the proposed mechanism for heme oxidation and His-Tyr bond formation. 11, 21 H1, the H 2 O 2 situated closest to the heme, interacts with O ␦ from Asn128 and with H2, the second H 2 O 2 , and is situated between the positions corresponding to the pair of water molecules WC*-W1* in the structure of the uncomplexed variant (Fig. 3A) . H2, the best-defined H 2 O 2 (Table  III) interacts with H1, as already indicated, with the N ␦ of Asn128, and with both O ␦ and N ␦ from Asn201. H2 is situated between the positions corresponding to the pair of water molecules WD-W2 in the uncomplexed variant. Distances between H1 or H2 and W6 are too large to be bridged by a single solvent molecule, and no solvent, either hydrogen peroxide or water, is evident in the lower hydrophobic part of the major channel. Therefore, a high solvent occupancy in this portion of the channel seems to require the additional stabilization provided by the hydrogen bonded matrix of a chain of solvent molecules as in the uncomplexed His128Asn variant.
DISCUSSION
Mechanistic Uncoupling of Heme Oxidation from His-Tyr Bond Formation
Previous work had suggested a close link between heme oxidation and His-Tyr bond formation in HPII, and a concerted mechanism was proposed. 11 Therefore, it was a most unexpected observation to find the His-Tyr bond and unoxidized heme b in the Asn201His variant. Alternative mechanisms treating the two modifications as separate reactions had been considered 11 and now appears to be the most likely option in view of this result. The starting point for both modifications continues to be the formation of compound I because its absence, as in the His128 variants, prevents both reactions. The Asn201His variant exhibits only a very low level of activity, which presumably means a low level of compound I formation. The fact that this low level of compound I is sufficient to promote the formation of the His-Tyr bond, but not heme oxidation, suggests that the energy barrier for His-Tyr bond formation is lower than for heme oxidation. One implication of this conclusion is that the cis-stereospecific heme oxidation should not be observed in the absence of His-Tyr bond formation; to date, this is the case. 21 Treatment of the Asn201His variant with either ascorbate or glucose-glucose oxidase, both of which generate low levels of hydrogen peroxide, causes a spectral change from a heme b-type spectrum to a 14 Despite this evidence for heme d formation, only heme b could be isolated from the variant, never heme d. Therefore, the reaction pathway to heme oxidation can be initiated and can produce a molecular species that is spectrally similar to heme d, but which cannot be fully converted to heme d and reverts to heme b on extraction in acetone-HCl.
Solvent Flow in Catalase
Small ligands of metalloproteins, such as NO, CO, O 2 , or H 2 , have important functions in signal transduction, respiration, and catalysis. The question of whether ligand access to active centers requires specific channels and docking sites or proceeds by random diffusion through the protein matrix has recently been addressed with the conclusion that there are a limited number of pathways for ligand migration. 23 Similar questions are also relevant to catalase, where the rapid turnover rate requires an efficient mechanism for H 2 O 2 to gain access to, and for products to be exhausted from, the deeply buried active sites. In catalase, the existence of alternative channels suggests a possible directional flow model in which one channel is used for substrate intake and a second (or possibly more than one) is used for product exhaust. The major channel, which enters the heme distal side pocket perpendicular to the heme surface, is highly conserved among all catalases and has long been considered the prime candidate for the inlet channel, although supporting evidence is limited. In small subunit enzymes, like BLC, this channel is ϳ35 Å in length, but in large subunit enzymes, like HPII, the normal entrance is partially occluded by the C-terminal extension and may be 20 Å longer. 11 In both types of catalase, the inner part of the major channel narrows into a constricted region lined with hydrophobic residues that opens into the heme distal side pocket (Figs. 1-3) . The constricted hydrophobic portion of the channel, spanning ϳ7 Å, makes access difficult for molecules larger than water and H 2 O 2 , presumably helps determine the substrate specificity of the enzyme, and prevents access of potential inhibitors. Recently this portion of the channel has been referred to as a "molecular ruler" as part of a hypothesis that the channel's dimensions are optimized for hydrogen peroxide, 3 but not water, explaining the absence of well-defined water in this section of the channel.
The HPII variants described in this article demonstrate that any perturbation in the active site of HPII which stabilizes the inclusion of more waters in the cavity can result in solvent occupancy of the hydrophobic portion of the major channel and in the formation of a continuous chain of water, Ͼ30 Å in length, extending from the molecular surface to the active site. In fact, only one or two additional hydrogen bonds are sufficient to stabilize solvent (WA or WB) in the hydrophobic section of the channel. Consequently, the energy barrier to solvent residency in the hydrophobic portion of the major channel is, at most, a few kilojoules per mole (kJ/mol). The larger size of hydrogen peroxide and its greater hydrophilic character compared with water might eliminate this barrier in native catalases, permitting the formation of a hydrogen-bonded chain extending through the hydrophobic segment of the channel. The stereo-specific requirements underlying the formation of a continuous chain of solvent molecules can help explain the substrate specificity of the enzyme, as well as the apparent fragility of the structural feature.
The unidirectional movement of a chain of substrate molecules, which would facilitate the selective access of H 2 O 2 molecules into the active site as the catalytic reaction progresses, requires a separate channel for the exhaust of reaction products. The existence of separate inlet and exhaust channels leading to and from the active site allows a "flow" of molecules through the catalase with H 2 O 2 entering by one channel and H 2 O and O 2 exiting by different ones. The drive for such a flow could be provided by the highly exothermic catalytic reaction (G o Ј of Ϫ209 kJ/mol). 24 Substrate flowing through catalase is conceptually analogous to solute flowing through membrane transport proteins, and the similarity is strengthened when the structures of catalases and some porins are compared. Both catalases and porins have a ␤ barrel core surrounding a funnel shaped channel leading to a narrow hydrophobic constriction, which provides specificity to the substrate being transported. 25 The hydrophobic region of the porin channel has been implicated as a facilitator, or "grease slide," for the flow of hydrophilic metabolites, 25 and the hydrophobic constriction of catalase may be ascribed a similar role in favoring H 2 O 2 movement. The channel lengths are similar in both types of proteins with a porin spanning a 50-Å membrane compared with the approximately 60 Å combined length of the proposed inlet and exit channels in a catalase. Porins provide an efficient flow of specific substrates across the membrane, and catalases provide an efficient flow of H 2 O 2 to the active site and of O 2 and H 2 O to the outside. The importance of channel architecture leading to the active center is illustrated by the 2.5-fold increase in turnover rate in HPII resulting from the single change of Arg260 to Ala located 20 Å from the heme in the minor or lateral channel, a possible candidate for the exhaust channel.
26
Broken Molecular Symmetry
The observation that molecular symmetry of the variant breaks during soaking with H 2 O 2 is a most intriguing Fig. 3 . Stereo views of the heme distal side of the His128Asn variant when free (A) or complexed with hydrogen peroxide (B). The solvent organization in the structure of the free variant is closely related to the one found in His128Ala (Fig. 2B) . Hydrogen peroxide molecules found in the complex are labeled H1, H2, and H3 (B). Water labeling is as described for Fig. 1 Residues exhibiting the largest movement as a result of peroxide binding are displayed with a CPK representation. The heme residues are colored red. The subunits are color-coded: A, yellow; B, red; C, green; and D, cyan. Letters correspond to the PDB designations. The striking clustering of differences in subunits on one side of the cavity situated in the center of the molecular tetramer suggests an active role for the heme proximal side during catalysis. The departure from the original 222 molecular symmetry of the uncomplexed variant is also evident.
result that requires further investigation. Inter-subunit contacts between His449 residues along the molecular axis in native HPII, 11 already require small departures from perfect molecular symmetry and could be the trigger of an asymmetric behavior during catalysis. Deviations from perfect symmetry have also been reported for other catalases, particularly for HEC, where NADP(H) appears bound to only two of the subunits and where, in addition, compound I formation was shown to take place only in the two subunits lacking NADP(H). The apparent asymmetric structural features are consistent with classical kinetic studies that suggest only half of the heme groups are active simultaneously. 27 Hence, the departure from symmetry arising from peroxide binding is another indication that molecular symmetry can be easily broken during enzyme catalysis, which may allow for an unusual type of cooperativity among subunits. This, of course, leads to the underlying question as to how H 2 O 2 binding and catalytic activity in two subunits interfere with or prevent activity in the other two subunits-a question that remains unanswered.
